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PREFACE

This report is Volume 6 in a seven—volume series on Characterization

of the Dynamic Behavior of Porous Solids. The titles and aut hors of the 
+

individual reports i~ the series are :

‘!‘itle Authors

Volume 1 Summary of Results D. H. Curran , H. E . Tokheirn ,
M . .1 . Ginsberg , L. Seaman ,

A . B . Lutze , B . C. Erlich ,
J. T. Rosenberg , and
D. A . Shockey

Volume 2 Computational Models for H. E . Tokheim

Predicting the Dynamic
Stress Response of Some
Porous Ceramics  in a
R a d i a t i o n  Env i ronment

Volume 3 Computational Model for H. H . Tokheim
Predicting the Dynamic
Stress Response of Porous
Beryllium in a Radiation
Environment

Volume 4 Electron Beam Studies of A . B . Lutze

Porous B e r y l l i u m  and
Porous Ceramics

Volume ~ Dynamic  Response of J. T . Rose nberg
Porous B e r y l l i u m —
Exper imen t s

VI lunle 6 D y n a m i c  Response of B . C. E r l i c h
Porous Ceramics—

+ Exper iments

Volume 7 M i c r o s tr u c t u r al  U . A.  Shockey and J . P . W i l h e l m
Characterization of
Several Porous Ceramics
and Porous Beryll ium
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Conversion factors for U .S. customary
to metric (SI ) units of measurement .

To Convert From To Multiply By

angstrom mete rS (m) 1. 000 000 X E -10

atmosphere (no rmal) kilo pascal (kPa) 1.013 25 X E  +2

bar kilo pascal (kpa) 1.000 000 X E  +2

barn mete r2 (m 2) 1.000 000 X E -28

Brit t ah thermal unit (the rmochemical) joule (J) 1 .054 350 X E +3

calorie (thermochemical) joule (J) 4. 184 000

cal (th e rmocbemical)/cm 2 mega joule/rn 2 (Mi/rn 2) 4. 184 000 X E —2

curie ‘gig a becquerel (GBq) 3. 700 000 X E .1
degree (angle) radian (r &d ) 1. 745 329 X E -2

degree Fa h renhe it degree kelvin (K) t~ (t ~ I + 459.67)/ 1 .8
electro n volt joule (J ) 1 .602 19 X E -19

erg jouie (J) 1. 000 000 X E  -7

erg /aeco,id watt (1W) 1.000 000 X E  -7

foot meter (m) 3 . 048 000 X E -l

foot-pound-force joule (.1) 1. 355 818

gallon (U . . S. l iquid) meter 3 (m 3) 3. 785 412 X E  -3

inch meter (rn) 2. S40 0 0 0X E  -2

jerk joule (J) 1 000 000 X E +9

j oule/kilogram (J /$~~) (radiat ion dose
absorbed ) Gray (Gy) 1. 000 000

ki lotons iersjoules 4. 183

kip (1000 lbf ) newton (N) 4 .44 8 222 X E +3
kip/inch 2 (ku ) kilo pascal (kPa) 6.894 757 X E +3
ktap newton-s9cond /rn2

(N-s/rn ’) 1 .000 000 X E  4 2

mi cron meter (rn) 1 000 000 X E -6

mit mete r (m) 2 .5 40 000 X E - S

mile (in ternational) mete r (m) 1 .609 344 X E .3

ounce kilogram (kg) 2.  834 952 X E -2
pound-force (lbs avoi r dupo ia) new ton (N) 4 . 4 48  222

pound -force inch newton-meter (N.m)  1 129 848 X E  -1

poimd orce/inch newton/meter (N/ rn) 1 .751  268 X E  + 2

pound -forcefloot 2 k ilo pascal (kPa) 4. 788 026 X E -2
pound 4orce/inch2 (psi) ki lo pascal (kP a) 6 . 894 757
pound-m ass (Ibm avoirdu pois) kilogra m (kg) 4.535 924 X E -1

pounti-tna.s -foot 2 (momen t of iuert ia) kilogr am-mete r 2

(k g. rn 2 ) 4 . 2 14 011 X E -2
pound -meas float 3 k ilogram /mete r 3

(kg/rn3) 1.601 8 4 8 X E + 1
r&d (radiation dose absorbed) •~~ ray (Gy ) 1.000 000 X E -2

roentgen coulomb/kilogram
(C,4~g) 2 579 7 8 0 X E  -4

shake second (a) 1 .  000 000 X E -8
alug kilogram (kg) 1 . 4 5 9  390 X E  .1
torr (mm Hg, 0° C )  kilo pascal (kPa) 1 . 333 22 X E -l

•The becque rel (Dq) is the SI unit of rad ioactIv ity ; 1 Sq I event/s .
“The Gray (Gy) is the SI unit ci absorb ed radi at ion.

A more conspleie li.ting of conversions may be found in “ Metric Practice Guide E 380-74~~”American Society for Test ing and Materials.
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I IMPACT EXPERIMENT S

The main objective of this phase of the program was to perform a

*
set of dynamic loading experiments on sinte red alumina to generate

equation-of—state paths that would be used to construct the stress—

volume—energy equation-of-state surface . The stress and energy regions

selected for study were those attainable with available techniques ,

namely, gas gun and high explosives (HE) loading , and those expected to

yield the most valuable information for determination of paramete rs,

such as yield strength , and the shape of the equation-of—state surface .

The secondary objective was to perform a few experiments on several other

*
porous ceramics , including flame—sprayed alumina and flame—sprayed

*
hafnium titanate to obtain a first estimate of some of their equation—

of—state characteristics.

We performed eleven dynamic loading experiments on sintered alumina

and six on the flame—sprayed alumina and hafnium titanate . Our experi-

mental method was the multiple embedded Lagrangian gage technique , which ,

together with the Lagrangian gage analysis , forms the most powerfu l tech-

nique currently available for determining the equation—of—state paths

followed by any relatively homogeneous material (that is , a ma terial

in which the largest inhomogeneities are small with respect to the

thickness in the direction of stress wave propagation) subject to high—

pressure transient loading . The Lagrangian technique has been used

successfully at SRI in the study of complex materials , such as rocks and
1—4 5 6 7

soils , liquids , metals , and composites. The technique is based

*These materials are more fully described in Part 7 of this series.

7
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1,

on the simultaneous measurement of stress or particle velocity histories

at severa l Lagrangian locations within the material of interest S These

histories form a surface in stress—Lagrangian position—time or particle

velocitv—Lagrangian position—time 3—space , along which the differential

equations of masa , momentum , and energy conservation can be integrated

to calculate the specific volume , internal energy, or any other desired
8,9

equation—of—state parameter at any point on this surface. Thus, the

equation—of—state path that the material follows at any position within

the region of stress or particle velocity measurement can be determined

throughout the complete loading and unloading cycle in one experiment.

This technique therefore substantially increases the amount of data

obtained per shot over the standard Hugoniot experiments , which yield

only a Hugoniot stress point , a shock velocity, and perhaps an initial

unloading velocity.

Although the Lagrangian analysis was originally developed for use

with ma terials exhibiting simple , time—independent flow , it has recently

been extended to the point where no limitations at all are placed on the

type of flow involved (except that the material undergoes one—dimensional
10

strain in the region of measurement). Therefore, materials can now

be studied that exhibit any complex or time-dependent constitutive

behavior , and furthe rmore this study can be carried out in a region

undergoing stress attenuation .

-
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I I  EXPERIMENTAL PROCEDURES

To obtain simultaneous measurement of stress or particle velocity

histories at several depths within a material undergoing transient

loading , one needs to slice the material of interest into slabs perpen-

dicular to the direction of stress wave propagation , and position stress

or particle velocity gages in between each slab , making the gage package

as thin as possible to reduce the perturbation of the flow by the gage.

The loading nay result either from the planar impact of a projectile

launched b~ a gas gun , by high explosives , or by detonation of high

explosives placed in contact with the material .

The two SRI gas guns are capable of reaching peak stresses of

approxima tely 100 kbar in porous ceramics. In—contact explosives are

capable of pressures up to 400 kbar. Three different high exp losives

were used in this program : PBX 9404 and Comp B, to obtain peak stresses

in the range from 250—400 kbar; and Baratol , to reach from 60—120 kbar.

Althoug h severa l simultaneous stress histories or particle veloci-

ties alone would be sufficient to determine the equation—of-state paths ,

we decided to use both stress gages and particle velocity gages whenever

possible to increase the probability of obtaining good data and to pro-

vide a means of cross—checking results.

Electromagnetic foil particle velocity gages were used to record

particle velocity histories. They are based on the principle that a

conductor moving at a right angle to a uniform magnetic field generates

a voltage (V) across Its length (J~) that is directly proportional to its

velocity (u), the constants of proportionality being simply the produc t

of the magnetic field strength (B) and its length in the direction

9

_____ 
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mutually perpendicular to its velocity and the magnetic field , i.e.,

V = u~ B .

Manganin gages were used to record stress histories in the region

above 40 kbar and ytterbium foil gages in the region below 40 kbar .

These gages are piezoresistant transducers , whose resistance changes as

a function of the applied stress in a more—or- less known way. Ytterbium

has been calibrated extensively in both loading and unloading in the

range from 0 to 33.4 kbar ,
1
~
1 
while the piezoresistance coefficient of

manganin is known to less accuracy , particularly at higher pressures

and during unloading . The disadvantages of using stress gages as opposed

to particle velocity gages are (1) the stress gage calibration is based

on complex material properties of the gage itself which need to be

determined , while the particle velocity gage outpu t is based entirely

on geometry ; and (2) the stress gage is sensitive to changes in resistivity

of the adjacent materials caused by high pressures and temperatures present

in HE experiments , whereas the particle velocity gage is not. The main

advantage of the stress gages is that the analysis seems to be less
10

sensitive to the numerical approximation or the fitting procedures used.

Table 1 lists all the dynamic loading experiments performed in this

phase of the program , along with some of the basic experimental param-

eters . In the first eleven shots , sintered alumina was used. Three

differential initial porosities of this material were selected , nominally

2O”~, 30 , and 45’~, to attain different internal energies on loading ,

as shown in Figure 1. The higher the initial porosity, the higher the

internal energy achieved during compression to the same stress. Of the

last six shots, five used flame—sprayed alumina , and one used flame —

sprayed hafnium titanate .

Figu re 2 shows a schematic diagram for all the HE experiments on

the baseline material . The targe t consists of four sintered alumina

10



Table 1

DYNAMIC LOADING EXPERIMENTS AND EXPERIMENTAL PARAMETERS

Approx .
No . of Stress No . of Particle Peak

Shot Type of HE Used or Gage Pianes & Vel . Gage Stress
N . IA)ading Material Used Proj. Vel . Gage Ma t ’l Pl anes (kbar)

1 HE Sintered A l O  PBX 9404 3 Manganin 3 370
2O’~ porous

2 lIE S i n t e r e d  A 1
2
0
3 

Comp B 3 M a n g a n i n  3 350

20~ porou s

3 RE Sintered M O  PBX 9404 3 Manganin 3 360

20’~ porou s

4 RE Sin tered A 1
2
0
3 

l3aratol 3 Manganin 3 120

2O”~ porous

5 HE Sintered A1
2
0
3 

PBX 9404 3 Man ga nin  3 310
35~ PorOUS

6 HE S i n t e r ed A 1
2
0 B a r a t ol 3 Mangan in  3 90

35’~ porou s

8 HE Sintered A1
2
0 PBX 9404 3 M a n g a n i n  3 65

45~ porou s

9 HE Sintered A 1
2
0 l la ra tol  3 Man ga n i n  3 90

35~ porou s

10 HE Sintered A l O  Baratol 3 Manganin 3 65

45~ porous

1 1 HE S i n tered A 1
2
0 PBX 9404 3 M a n g a n i n  3 270

4 5 ;  porou s

51 1 Gas Sintered M O  0.360 mm! 3 Ytterbium 3 40

Gun 2O~ porous ~ sec

101 HE Flame—sprayed PBX 9404 2 Manganin 0 -

~\ l  0
2 3

102 HE Fl ame-sprayed PBX 9404 2 Manganin 0 325
Al 0

2 3

*
103 HE Flame-sprayed PBX 9404 0 2 -

A l  0
2 3

104 HE Flame—sprayed Ilaratol 0 2 100

A l  0
2 3

1 5 1 2~ ’ Gas Flame—spra yed  0.163 nun! 3 Vt terbium 0 5
gun A1

2
0

3 ~~sce

152 2~
” ;as F lame—s prayed 0.092 nUal 3 V t tcrbiun i  0 7

gun h a  Inium t i t a n —  ~ ~cc

* Ind ica t e s  gage rt~~ )rdg are for one of a va r ie ty  of reasons not amenable to

a Lagrangian i;;;i ly$1s (see A ppendix) .

11
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slabs, with gage planes sandwiched in between slabs. A set of explosive

pads 6 Inches (15.24 cm) high and 6 inches (15.24 cm) in diameter are

placed in contact with one face of the target and are initiated by an

exploding-bridgewire detonator through a plane—wave generator to induce

a planar stress pulse into the target in the region of the stress gages.

The stress pulse is reflec ted from the opposite side of the target

reducing the in—material stress to zero and accelerating the in—material

particle velocity to the free surface velocity. The thickness of the

target slabs is small enough a/8-inch to 3/8—inch or .3175 cm to .9525 cm)

so that the region of the gages remains in one—dimensional flow until

nearly the end of the unloading .

Surrounding the target and explosive are 32—inch—diameter (81.28 cm)

Helmholt z co ils which create the uniform magnetic f ield (of approximately

500 G) needed by the particle velocity gages. The coils are simply copper

wire wrapped around a wooden frame. A large capac itor is dumped through

the coils , and when the curren t , which is monitored by an inductive probe ,

builds up to a maximum, the HE is detonated. The coils , of course ,

are destroyed in each shot .

Figure 3 shows a photograph of a typical gage plane . There are

three types of gages. One is the 4—terminal manganin foil gage with a

1/4-inch square grid and copper—coated leads. The leads are parallel to

the magnetic field , which ensures that no voltage from the field will be

induced across the gage. The second is the copper foil electromagnetic

particle velocity gage . The third gage is identical in operation to the

pa rticle velocity gage , except that it is connected in series with

similar gages in the other gage planes and is used to correlate the

times of arrival of the stress pulse at the different planes . All the

gages were recorded on oscillographa using a differential mode, and the

standard constant current pulsed—power supply recording system
12 

was

used for the stress gages.
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For most of the shots , no insulating material was used. The gages

were simply glued to one of the slabs , and the adjacent slab was pressed

on with a thin laye r of vacuum grease to eliminate air pockets. The

surfaces of the alumina slabs were first coated with a sealer so that

nothing would seep into the pores. The total gage package thickness was

approximately 0.004 inch (.01 cm). On two of the Shots (2 and 11), the

gages were encapsulated between thin sheets of mica in an attempt to reduce

the shunting of the stress gages by the decrease in resistivity of the

various gage package materials. In these shots the gage package thickness

varied from 0.006 inch (.015 cm) to 0.014 inch (.0356 cm).

Figure 4 presents a series of photographs depicting the experimental

setup. Figure 4a shows the assembled target with all the cables attached ,

Figu re 4b shows the target in place inside the Helmholtz coils (the two

dark points on the face of the target are co—axial pins flush with the

surface , which are used to trigger the oscilloscopes), Figure 4c shows the

explosives positioned on top of the target, and Figure 4d, the complete

assembly before firing.

The HE experiments on the flame-sprayed materials were similar to

those on the baseline material , bu t sca led down in size because of the

smaller size of target slabs available (from 3.81 to 4.45 cm squares and

from 0.127 to 0.203 cm thick) and the need to maintain one—dimensional

flow in the region of measurement. The explosive pads used were reduced

to 2 inches (5.08 cm) high by 2 inches (5.08 cm) in diamete r, the Helmholtz

coils were reduced to 16 inches (40.64 cm) in diameter , only three slabs

were used in eac h shot , so there were on ly two gage pl anes , and on ly one

gage, a m angan in stress gage or a par tic le ve locity gage , could fit in

each gage plane .

Figu re 5depicts a schematic diagram for the gas gun experiment on

the baseline material (Shot 51). SRI ’s 4—inch (10.16 cm)—diameter helium
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gas gun was used to launch a projectile with a thin head of sintered

alumina into a target consisting of four 5—1/2—inch (13.97 cm)—diamete r

sintered alumina disks with three stress and particle velocity gage

planes sandwiched in between the disks. On impact , compressional waves

were sent into the target and into the projectile head; reflection of

the latter wave at the rear surface of the projectile head produced a

rarefaction which unloaded the target to zero stress (the plastic honey-

comb projectile head backing has a negligibly small shock impedance com-

pared with that of the alumina).

The stress and particle velocity gages are identical in operation

to those used in the HE experiments. Ytterbium was used here in place

of manganin as the piezoresistive element to obtain higher sensitivity.

The uniform magnetic field was produced by an electromagnetic solenoid

system , described in detail in Reference 4. A nonmagnetic stainless

stee l tube surrounded the target to protect the magnet from flying frag-

ments .

The two gas gun shots on the flame—sprayed material (Shots 151 and

152) were similar except that the 2—1/2—inch (6.35 cm)—diameter gas gun

and on ly stress gages were used.
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I I I  EXPE R IME N TA L RE SULTS AND ANALYSIS

Of the eleven dynamic experiments performed on sintered alumina ,

nine yielded particle velocity gage records and seven yielded stress

gage records that were satisfactory for Lagrangian analysis. Of the

six shots using the flame—sprayed alumina and flame-sprayed hafnium

titanate , only the two gas—gun shots yielded anal yzable stress gage

records. F’or all the shots analyzed , Table 2 lists the measured ceramic

densities and the distances from the impact plane or HE interface for

each of the gage planes.

As an example of the raw data , Figure 6 shows oscillographs from

the three particle velocity gages and three stress gages in Shot 1 . I n

this shot , 2O~ porous alumina ~as shocked to a peak stress of approxi—

mate ly 370 khar , and the gage results are typical of all t h e  shots  in

this hi gh—stress region . The blank spots on the gage records are 1 u.sec

a p a r t .

The particle ve locity gages exhibit a small precursor , a rapid rise

to the peak particle velocity, a very slight decay owing to the Taylor

wave (the gradual relief wave following the det nation of an explosive )

and an acceleration to the free surface velocity when the relief wave

from the back of the targe t arrives. For a porous -material , the free

surface ve l ocity can be much less than twice the peak particle velocity.

i t o  stress gages exhibit a practically neg ligible precursor , a

rapid rise to the peak stress , a gradual bu ’ significant decay owing to

the Taylor wave , and then a more rapid relief to zero stress. The stress

gage records do not return to their original level after release to zero

stress because of hysteresis-—the pe rmanent change in the gage resistance

21 
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Table 2

( ‘ O N F I  G I l ~AT I ( .)N S ANt) D I M E N S I O N S  FOR

I)V NA~1 IC WADING EXP ER I IIENTS 

~~~p; ~~ 
_ _ _  

0’ 2~ 
0 t T~ 1 —~ 

(V.1 c~,I w
~~~~ ~~~~ ~~~ .~~

H i gh Exp losive 2~ .2
() () 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~

HE SHO T S GAS GUN SHO T S

Ceramic  Sho t Dimensions
Densit~ (cm)

Shot No . Type (gm/cm I a h C d c

1 HE 3.16 15.24 0.712 1.109 l. 5u2 1 .895

2 l IE 3.17 15.24 0.715 1 .123 1 .531 1 .923

3 HE 3.15 15.24 0.706 1 .095 1.479 1 .854

4 lIE 3.16 15.24 0.706 1.086 1.476 2.169

5 lIE 2 .61 15.24 0.953 1 . 336 1 .718 2.107

6 HE 2.59 15 .24 0.950 1 .330 1. 714 2.103

9 HE 2.61 15.24 0.952 1.339 1 .776 2 .4 37

10 lIE 2.21 15.24 0.949 1 .355 1. 762 2.482

11 lIE 2.22 15.24 0.953 1 .364 1. 771 2.177

51 Gas gun 3.16 0.366 0.380 0.763 1 .151 1 .854

151 Gas gun 2.78 0.063 0.156 0.326 0.483 0.773

152 Gas gun 6.97 0.072 0.171 0.363 0.555 0.888
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caused by stress ~oading . ,\Is o, the stress gages a p p e a r  to  he n o i s i e r

han the part i C Ic  ye I OC i t  y r e e l)  l - ( I s— — a  common occur  rence when used in

poi~ouS ma ter ials.

i’hc large 1) 1  ips that appear during the relative l y fla t portions of

both the stress and the particle vel ocit y records for gage planes 1 and

2 are no t noise , hut in fa ct are pert urba t ions of the flow due to ref le e—

t ions from gage plans 2 and 3. Decreases in the gage package thickness

i-educed I he magn i tude of  these pevtu rbat ions in all subsequent shots .

To analyze the data , we mus t first digitize the records , using the

appropriate calibration to transform from voltage to particle ve1ocit~

ui st ress and then t o  correlate the time s of arrival to yield the com-

posite particle velocity and stress histories shown in F i g u re 7. The

par ticle ve l ocity gages ai’e calibrated by knowin g the gage length and

ma gnetic I ie ld strength . ‘(‘he manganin gages a t-c calib ra ted by using the

piezoresistanc-e rou t Ii (1(ll t for l o a d i n g  and a l i n e a r  calibration from the

peak r e s i s t a n c e  to the final i-c s stance for unloading . because of the

~ idc range ol accept ed piezoresistance carl ficients for manganin (between

0.0025 and 0 .0029 oh’ms/ohm/kbar), the st ress cal ibrat ion is adjusted when

I)OSSih1C by  a simpl e Ilugoniot—flankine j u m p  condi t ion ca Icu lat ion using

he shock veloc i t’, f rom the stress gage records and the peak part ic lc

ye 1 n-i iv f r o m  t he part i cl e ~e! oc ii reci) rds . The zero t ime in the com-

posite his tories is pu rely arbi trar y . ‘t he comp osite histories are , in

real i t y , tw o—dimensional representations of the curves in three—dimensional

space , w i t h  the third dimension , the Lagrangian position , perpendicular

to the plane of the pape r.

The next step in the analysis is to form a series of paths in

three—dimensional space , c a c t i  pa t t i  j o i n i n g  one point on each of t h e  th ree

c u r v e s . The paths arc d r a w n  j o i n i n g  s i l n i I i  r features on each curve——for

ex a m p le , the  peaks of the precursor , t h e  peaks of t h e  m a i n  wave , t h e

t ) e g i f l f l i n g  of t i n  u n l o a d i n g  wave , and ~o on , ~\ l on g  the p a t h s , the

24
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It

differential equations of mass , momentum , and energy conservation are

integrated to calculate the specific volume , internal energy, and other

constitutive parameters of interest . Details of this calculation are

found in Reference 10.

When the Lagrang ian  a n a l y s i s  is completed , the constitutive paths

are p l o t t e d  in the s t r e s s — s p e c i f i c  volume plane . F igure  8 is such a

graph for Shot 1 , showing the results from both the p a r t i c l e  ve l o c i t y  and

the stress gage calculations. For this shot , all three gage planes load

up and down n e a r ly  i d e n t i c a l  p a t h s  except f o r  s l igh t  d i f f e r e n c e s  in the

p o s i t i o n  of the  release p a t h  because of the  s l i g h t  decay in the  peak

s t ress  from the  first to the th i rd gage planes. This indicates that

t ime—dependent  e f f e c t s  are not i m p o r t a n t  in t h i s  m a t e r i a l  a t  t h i s  peak

pressure  ( t ime-dependen t  y i e l d  e f f e c t s  are not noticeable here because

the  precursor  is large l y o v e r d r i v e n) .

Figure  9 shows the constitutive paths calculated for the first gage

plane from both the stress and the particle velocity gages on the same

graph , to  compare the r e s u l t s  of the two independent  mea su remen t s .  The

paths are quite similar except at t h e  tail end of the unloading , whe re

the particle velocity data appear to degenerate. This could be caused

by eithe r the arrival of latera l ra refaction waves or the arriva l of a

compressive wave caused by the reflection of the front of the rarefaction

wave from the explosive gas interface . The differences between the paths

give some indication of the precision of our experimental and analytical

t e chn ique .

The digitized particle velocit y and stress histories and the calcu—

lated constitutive paths for all those experiments that yielded analyzable

records are given in the Appendix .

F i g u re 10 p re sen t s  a composite of the  c o n s t i t u t i v e  p a t h s  c a l c u l a t e d

from a l l  the analyzable sintered alumina experiments. The curve shown

26
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for  each shot is an average of the c o n s t i t u t i v e  pa th s  a t  the middle gage

location calculated from the particle velocity and stress gage record

( i f  both we re a v a i l a b l e  fo r  analysis). The Hugoniot points of the

higher  pressu re sho ts  (Shots  1, 2 , 3, 5 , and 11) , which  involved f u l l

compaction of the porous alumina , are slightly offset from each othe r

because of the higher Hugoniot point temperature and internal energies

generated by compaction of a higher i n i t i a l  porosi ty m a t e r i a l . Also in

these shots , the e l a s t i c  wave is ove rdriven by the plastic wave . Finally ,

the release paths are all very nearly parallel , indicating that the

unloading modulus is not a strong function of the internal energy.

The Hugoniot points for  the lower pressure shots (Shots 4, 6, 9,

and 10), which also probably involve complete compaction, are very nearl~

colinear , which is not surprising, since the Hugoniot point internal

energy differences between the different initial porosities are not ve ry

large . Both the yield strength and the elastic modu lus decrease as a

function of initial porosity. The Hugoniot elastic limit drops from

approximately 43 kbar in the 20~ porous alumina to approximately 30 kbar

in the 35~ porous alumina. The elastic modulus for the 45”~ porous alumina

is so close to that of the plastic modulus that the Hugoniot elastic limit

for that material cannot be perceived from the data.

It is not apparent in Figure 10, but it can be seen in Figures A— 5 ,

A-6 , A-9, and A-lO in the Appendix that the constitutive relation in the

yield region shows some time-dependence , resulting in a decrease in peak

precursor stress and increase in peak precursor particle velocity as a

function of distance into the alumina , and a decrease in st ress and

particle ve locity immediately after the precursor. This quite complex

behavior appears in Shots 4, 6, and 9 (it is beyond the scope of this

pape r to explain its phenomenology).

The results of the two gas gun shots (Shots 151 and 152) using

30
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flame—sprayed alumina and flame—sprayed hafnium titanate are also

presented in the Appendix . The calculated constitutive paths show the

loading and unloading behavior in the region below 10 kbar .

________  
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Appendix

EXPERIME NTAL AND ANA LY TI CAL RECORDS AND
DISCUS SION OF EXPERIMENTAL PROBLEMS ENCOIJNTERED

In this section are presented the experimental and analytical

records fo r  a l l  the a n a l yzab l e  shots  except fo r  those fo r  Shot 1, w hich

were included in the main part of the report . Figures A-l—A-l6 present

the digitized composite particle velocity or stress gage records and the

stress-volume c o n s t i t u t i v e  paths  c a l c u l a t e d  from these records . In each

figure , the solid line represents the firs t gage plane , the s h o r t — d a s h e d

line represents the second gage plane , and the long-dashed lime rep resents

the -t h i r d  gage plane . The d is tances  between the var ious  gage p lanes  and

othe r shot parameters are shown in Tables 1 and 2 in the report .

Shots 2 , 3, 4, 5, and 10 include data from both particle velocity

and stress r-ecords , Shots ii and 151 include only particle ve locity data ,

and Shots 151 and 152 include only stress gage data . Finally, the par-

ticle velocity data from Shot 6 are shown together with the stress data

f r o m  Shot 9 , because these shots are i d e n t i c a l  as to type of explos ive

used and peak pressure attained.

I n  some cases , only the loading portion of t he  p a r t i c l e  v e l o c i t y  or

stress records and the calculated constitutive path during loading are

shown , because the  u n l o a d i n g  p o r t i o n  of t he  gage records was  not amenable

to Lagrangian analysis. Some records or portions of records we re not

anal yza ble , for several reasons :

(1 )  The stress gages partially shorted out at high pressures
because of Increased conductivity of the encapsulants .
This was particularly t rue with the higher porosity alumina. ,
which reached higher tempe ratures on loading. (Shots 8 and Il)
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(2) The signal—to—noise ratio was too small . This was the

case with the HE shots on the flame—sprayed alumina ,
a l t h o u g h  the  cause of the excessive noise is not  c l e ar l y
known .

(3)  In  Sho t 8 , the p a r t i c l e  ve loc i ty  records appeared to be
excellent , but because of a short through one or more of
the ad jo in ing  wire s in the H e lm h o lt z  coi ls , the cu r ren t
through the coils and hence , the magnetic field , was

unknown.

(4) In th - gas gun shot with sintered alumina (Shot 51), the

peak stress w~~ a p p a r e n t l y  above t ha t  of the phase change
of ytterbium , so the ytterbium gage records were mean-

ingless.

(5) The features of the unloading portions of the records at
the different gage planes were dissimilar enough so that
it was difficult to draw paths through the different
records j o i n i n g  p o i n t s  a l o n g  which  the d i f f e r e n t i a l  equa-
tions could be integrated. Gage planes could be placed
closer together  to a l l e v i a t e  t h i s  problem .

A -2
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FIGURE A-7 COMPOSITE (a) PARTICLE VELOCITY HISTORIES AND
(b) STRESS HISTORIES FROM SHOT NO. 5
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